Pathogen exit is a key stage in the spread and propagation of infectious disease, with the fecal-oral route being a common mode of disease transmission. However, it is poorly understood which molecular pathways provide the major modes for intracellular pathogen exit and fecal-oral transmission in vivo. Here, we use the transparent nematode Caenorhabditis elegans to investigate intestinal cell exit and fecal-oral transmission by the natural intracellular pathogen Nematocida parisii, which is a recently identified species of microsporidia. We show that N. parisii exits from polarized host intestinal cells by co-opting the host vesicle trafficking system and escaping into the lumen. Using a genetic screen, we identified components of the host endocytic recycling pathway that are required for N. parisii spore exit via exocytosis. In particular, we show that the small GTPase RAB-11 localizes to apical spores, is required for spore-containing compartments to fuse with the apical plasma membrane, and is required for spore exit. In addition, we find that RAB-11-deficient animals exhibit impaired contagiousness, supporting an in vivo role for this host trafficking factor in microsporidia disease transmission. Altogether, these findings provide an in vivo example of the major mode of exit used by a natural pathogen for disease spread via fecal-oral transmission.
Pathogen exit is a key stage in the spread and propagation of infectious disease, with the fecal-oral route being a common mode of disease transmission. However, it is poorly understood which molecular pathways provide the major modes for intracellular pathogen exit and fecal-oral transmission in vivo. Here, we use the transparent nematode Caenorhabditis elegans to investigate intestinal cell exit and fecal-oral transmission by the natural intracellular pathogen Nematocida parisii, which is a recently identified species of microsporidia. We show that N. parisii exits from polarized host intestinal cells by co-opting the host vesicle trafficking system and escaping into the lumen. Using a genetic screen, we identified components of the host endocytic recycling pathway that are required for N. parisii spore exit via exocytosis. In particular, we show that the small GTPase RAB-11 localizes to apical spores, is required for spore-containing compartments to fuse with the apical plasma membrane, and is required for spore exit. In addition, we find that RAB-11-deficient animals exhibit impaired contagiousness, supporting an in vivo role for this host trafficking factor in microsporidia disease transmission. Altogether, these findings provide an in vivo example of the major mode of exit used by a natural pathogen for disease spread via fecal-oral transmission.
A fter invasion and replication inside of host cells, intracellular pathogens must escape back into the environment to find new hosts and propagate disease. Although pathogen exit is not as well understood as pathogen entry, there are a variety of exit strategies that have been described recently, including both lytic and nonlytic egress from host cells (1, 2) . These studies in tissue culture cells have identified a diversity of host pathways and processes in pathogen exit. In some cases, multiple modes of exit have been implicated for the same pathogen, although it is still poorly understood which modes of exit are crucial for disease transmission of any microbial pathogen in a whole animal host.
One of the major sites for pathogen infection in animals is the intestine, which can be invaded by intracellular pathogens that cause food and water-borne disease (3) . These pathogens must exit from intestinal cells back into the lumen to be released by defecation for disease transmission. Intestinal pathogens are often studied in tissue culture models, but their life cycles can proceed differently in intact intestinal cells. For example, the bacterial pathogen Listeria monocytogenes is initially entrapped in a membrane-bound compartment after entering host cells. When infecting tissue culture cells, Listeria escapes from this compartment into the host cytosol, and then spreads between cells by a protrusion mechanism (4) . In contrast, it uses a different strategy in vivo. When infecting mice, Listeria does not escape from the membrane-bound compartment and instead remains membrane-bound, ultimately exiting basolaterally from intestinal cells by exocytosis to spread systemically into the host (5) . However, it is not known how Listeria escapes back into the intestinal lumen for transmission to new hosts. These differing results of Listeria trafficking in vitro and in vivo highlight the importance of investigating pathogen exit in a wholeanimal host.
The nematode C. elegans provides an accessible whole-animal host in which to dissect the life cycle and transmission of intestinal pathogens (6, 7) . The C. elegans intestine consists of 20 nonrenewable epithelial cells that share many morphological similarities with mammalian intestinal epithelial cells (Fig. 1A) . These cells are polarized, with microvilli on the apical side facing the lumen of the intestinal tract. Like in humans, these microvilli are anchored into a cytoskeletal structure called the terminal web that is composed of actin and intermediate filaments (8) . C. elegans is transparent, which facilitates analysis of infection in these cells within intact animals. We recently described a natural intracellular pathogen that infects the C. elegans intestine and showed that this pathogen defines a new genus and species of microsporidia, which are obligate, fungal-related intracellular pathogens (9, 10) . The microsporidia phylum comprises more than 1,400 species of pathogens that can infect a wide variety of animals including humans, where they commonly infect the intestine and can cause lethal diarrhea in immunocompromised hosts (11, 12) . We named the C. elegans-infecting species of microsporidia Nematocida parisii, or nematode killer from Paris, because it was isolated from wild-caught C. elegans in a compost pit near Paris and it eventually kills its host. Wild-caught Caenorhabditis nematodes infected with microsporidia have been isolated from environmental regions around the globe, indicating that microsporidia are a common cause of infection for C. elegans in the wild (9, 13) .
Microsporidia are obligate intracellular pathogens, meaning they must be inside of a host cell to replicate. Microsporidia survive outside the host as transmissible spores, which deploy a dramatic invasion mechanism to enter host cells. These spores contain a specialized structure called a polar tube, which "fires"
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Microbial pathogens cause food and water-borne disease through infection of the intestine. Many of these pathogens invade intestinal cells to replicate, but they ultimately need to exit out of these cells to spread to new hosts. We use the transparent nematode Caenorhabditis elegans to show that a natural intracellular pathogen called Nematocida parisii escapes from intestinal cells by using host trafficking pathways and a host small GTPase protein called RAB-11 for directional exocytosis into the lumen. N. parisii belongs to a large phylum of pathogens called microsporidia that can infect all animals, including humans, so our findings may be broadly applicable to understanding how agriculturally and medically relevant diseases are spread.
to pierce a host cell, and then the parasite nucleus and sporoplasm are injected through this tube directly into the host cytosol (Fig. 1A) . In the case of N. parisii and in most microsporidia species, the pathogen then grows inside the host cell in a replicative meront form that appears to be in direct contact with the host cytosol (9, 14) . N. parisii meronts become large and multinucleate as they develop and eventually differentiate back into mononucleate cells that become spores, which are shed to transmit the infection (9) .
How do N. parisii spores exit from host intestinal cells? Previously we showed that extensive cytoskeletal rearrangements occur during the meront stage, with relocalization of C. elegans actin from the apical to the basolateral side of intestinal cells (15) . This relocalization appears to trigger gap formation in the terminal web as a mechanism to remove this barrier to pathogen exit. We found that N. parisii spore exit is nonlytic and that spores do not bud out of the host cell, because spores are released into the lumen free of host membrane. However, the precise exit mechanism was not clear. Our results were consistent with either an exocytic mechanism, which would involve membrane-bound spores fusing with the host plasma membrane, or an ejectosome mechanism, which would involve an actin-rich structure at the plasma membrane that delivers microbes directly from the cytosol into the extracellular environment (16) . Here, we show that N. parisii spores are in a separate membrane-bound compartment, supporting an exocytic mode of exit. We performed a screen for C. elegans small GTPases required for N. parisii spore exit and found that components of the endocytic recycling pathway are critical for exit, with the RAB-11 protein acting as a key player in this process. RAB-11 localizes to apically polarized spores, is required for spore-containing compartments to fuse with the apical plasma membrane, and is critical for pathogen exit and for contagiousness. Altogether these studies define endocytic recycling and exocytosis to be key processes for microsporidia exit, and the major mechanism of exit for fecal-oral transmission of an intestinal pathogen in vivo.
Results

N. parisii Spores Are Contained in Separate Compartments Inside of
Host Intestinal Cells. As noted above, our previous findings implied that N. parisii exit involves either an ejectosome-like mechanism, or an exocytic event in which an intracellular compartment containing a spore fuses with the host apical membrane. To distinguish between these possibilities, we used transmission electron microscopy (TEM) to examine whether there is membrane localization around newly replicated N. parisii spores while inside of C. elegans intestinal cells. Indeed, we found that intracellular spores were always contained in an additional membrane (n = 42 spores examined; immature intracellular spore shown in Fig. 1 B and C and more mature spores shown in Fig. S1 A-D) . In addition, we observed plasma membrane surrounding mature spores that appear to be in the process of exiting through host microvilli into the lumen. Occasionally we were able to see that the membrane around these exiting spores is continuous with the host plasma membrane, indicating that the spore-containing compartment (SCC) is fusing with the apical membrane of the host intestine ( Fig. 1 D and E) .
N. parisii Spore-Containing Compartments Fuse with Host Membrane
To Access the Intestinal Lumen. To confirm that the additional membrane around apically fused N. parisii spores was continuous with host-derived membrane, we examined the localization of GFP-tagged C. elegans apical membrane markers in infected animals. We infected animals expressing the apical membrane transporter protein PGP-1::GFP with N. parisii spores, let the infection progress to generate new spores, and then looked at these spores to determine whether they colocalized with the host GFP-tagged membrane (17) . Indeed, we found that PGP-1::GFP colocalizes with SCCs fused along the apical cell surface that appear to be exiting into the lumen ( Fig. 2A) . Similarly, the apical plasma membrane marker SID-2::GFP (18) also localizes to spores along the apical cell surface (Fig. 2B) . However, we did not observe colocalization of the apical membrane transporter PEPT-1::DsRed (19) with N. parisii spores (Fig. S1E) , suggesting that some membrane markers may not mix as easily with the N. parisii-containing compartments, or that there is heterogeneity of protein components in the plasma membrane regions where N. parisii exits. These experiments suggest that N. parisii spores arrive at the apical membrane in compartments that fuse with the apical plasma membrane of C. elegans intestinal cells.
After fusion with the plasma membrane, the cargo inside an exocytic vesicle should have access to the luminal environment via the fusion pore. We therefore tested whether spores marked with apical membrane marker were in contact with the intestinal lumen by feeding infected animals the cell-impermeable dye Calcofluor white, which binds chitin found in the spore walls of microsporidia. When fed to C. elegans, Calcofluor white only stains spores in contact with the lumen, and not spores inside of intestinal cells (Fig. 2C) . We found that spores cloaked in the apical membrane marker PGP-1::GFP also were marked with Calcofluor white (Fig. 2A) . Taken together, these results show that intracellular spores are contained in compartments that are able to fuse with the host apical membrane and gain access to the intestinal lumen for exit. The results described above, together with our previous results (9) , indicate that N. parisii replicates in direct contact with the cytosol during its meront stage, and then is contained in exocytic compartments at the differentiated spore stage. One likely candidate pathway to mediate this transition from membrane-free to membrane-bound is the autophagy pathway (20) . To determine whether the autophagy pathway is important for N. parisii exit from the host, we knocked down expression of key host autophagy components using feeding RNAi, infected these animals, and then quantified spore exit. Previously, we demonstrated that an individual infected C. elegans animal can shed thousands of N. parisii spores per hour, and that spores exit only from the apical side of host cells (15) . To measure this exit, we use spore-shedding assays starting at 40 h postinoculation (hpi), when N. parisii has differentiated from meronts into spores that are exiting from cells into the lumen and are being defecated out by the host (Fig. S2A) . Using this assay, we found that RNAi against the autophagy components atg-18, bec-1, and lgg-1 had no significant effect on spore exit (Fig. S2B) . The RNAi clones appeared to knock down their targets, as assessed by a loss of GFP::LGG-1 protein in the intestine upon lgg-1 RNAi treatment (Fig. S2C) , and a reduction of GFP::LGG-1 puncta (a standard measure of autophagy) upon atg-18 and bec-1 RNAi (Fig. S2D) . Thus, these results suggest that autophagy is not important for N. parisii spore maturation and exit.
Small GTPases Involved in Apical Endocytic Recycling Are Required for Spore Exit. To identify which host factors are required for directional exit of N. parisii from intestinal cells, we conducted a feeding RNAi screen of 41 predicted small GTPases (smGTPases) in C. elegans, because these factors are involved in many intracellular trafficking events (21) . Again we used spore-shedding assays to measure N. parisii exit (Fig. S2A) . Knockdown of genes that caused developmental defects in animals were excluded from analysis (ran-1, sar-1) or diluted 10-fold with L4440 empty-vector bacteria (rab-5, rab-11.1) to achieve normal development of animals assayed for pathogen exit.
We found that of the 41 genes tested, RNAi knockdown of the smGTPases rab-2, rab-5, rab-10, rab-11.1, rab-18, arf-3, arl-5, and ral-1 caused significant defects in spore shedding (Fig. S3 ). These hits from our screen were reanalyzed in independent experiments to confirm the screen results (Fig. 3A) . Notably, most of these screen hits (rab-2, rab-5, rab-10, rab-11.1, and rab-18) are implicated in apical recycling pathways, which can direct intracellular cargo up to the apical membrane (22, 23) . To ensure that RNAi clones that block spore exit do not simply block N. parisii spore development, we examined whether RNAi treatment impaired spore production by using two different methods. First, we examined individual animals semiquantitatively for the amount of intracellular spores produced, and we found no change after any RNAi treatment ( Fig. 3B ) (Friedman's test; ANOVA P = 0.6081). In addition, we lysed infected animals to quantitatively assess the number of intracellular spores produced on a population level and again found no difference (Fig. 3C) . Furthermore, because a defect in spore shedding could also be due to a global disruption of cell polarity, which then could cause a disruption in intracellular trafficking pathways, we also examined whether knocking down these smGTPases affected cell polarity. We analyzed the polarized distribution of the apically localized protein PGP-1::GFP and found its localization to be unaffected by any of the RNAi treatments that cause spore shedding defects (Fig. S4) . Altogether, these results indicate that blocking expression of these smGTPase proteins does not disrupt spore formation or cell polarity and, instead, disrupts spore exit from the animal.
An additional explanation for reduced spore shedding is that animals are simply defecating less overall volume, which then leads to fewer spores being shed. Accurately measuring the volume defecated by a tiny animal such as C. elegans is difficult, and quantifying the number of spores present in the lumen before defecation is challenging and is also confounded by defecation defects. Therefore, to investigate spore exit into the lumen, we developed an assay to measure the density of spores within the contents defecated out of the lumen. We pulse-fed infected animals fluorescent beads and then measured the ratio of spores to fluorescent beads in the defecated material. With this assay, we found a significantly reduced ratio of spores to beads in the contents defecated from rab-5, rab-10, and rab-11.1-defective animals ( Fig. 3 D and E) . Therefore, knockdown of these smGTPases causes a spore shedding defect because of a defect in N. parisii spore egress into the lumen, and not simply because of a reduction in defecation volume. In contrast, the spore-shedding defect of arf-3-defective animals appears to be solely due to a defecation defect, because the spore density in these defecation contents was similar to that of control animals and the number of defecations per animal was much smaller (Fig. 3D) . Taken together, these experiments confirm the importance of the apical recycling components RAB-5, RAB-10, and RAB-11 for spore egress from intestinal cells into the intestinal lumen.
RAB-11 Localizes to Spores near the Apical Side of Intestinal Cells.
Because endocytic recycling appears to be a pathway required for spore exit, we next examined whether apical endocytic recycling factors localize to N. parisii spores. The Rab11 subfamily comprises Rab11a, Rab11b, and Rab25 in mammals, and they are well-known markers of recycling endosomes, with Rab11a in particular shown to play a key role in targeting endosomes to the apical plasma membrane (24) (25) (26) (27) (28) . C. elegans has two RAB-11 subfamily members called RAB-11.1 and RAB-11.2, which both are most similar to mammalian Rab11a. C. elegans RAB-11.1 has been studied in intestinal cell trafficking, where it is apically localized (19, 22) (Fig. 4A) . Because the rab-11.1 RNAi clone caused a stronger block in spore shedding than did rab-11.2, and because the rab-11.2 knockdown also reduces RAB-11.1 expression levels (Fig. S5 ) likely due to the high sequence similarity between these genes, we chose to focus on RAB-11.1. We examined RAB-11.1 localization (hereafter referred to as RAB-11) by infecting transgenic animals expressing GFP::RAB-11 (19) with N. parisii. In the intestinal cells of infected meront-stage animals, we found that GFP::RAB-11 is still apically enriched, is primarily cytosolic, and is excluded from pathogen tissue (Fig. 4B) . Strikingly, however, when spores are being shed at approximately 41 hpi, we find that vast numbers of apically localized spores are coated in GFP::RAB-11 (Fig. 4 C-E). These spores are crowded around the lumen in all dimensions, always densest along the apical face of the intestinal cells. To ensure that the localization of RAB-11 to spores was not an artifact of this transgene, we confirmed that a separate RFP:: RAB-11 transgene also localizes to N. parisii spores (22) (Fig.  4F ). In addition, we performed immunohistochemistry by using an antibody directed against endogenous RAB-11 (29) in N2 wild-type animals, and in animals expressing GFP::RAB-11. We observed localization of RAB-11 antibody to spores in infected animals, which colocalized with the GFP::RAB-11 transgene marker (Fig. S6 A-C) . Interestingly, the vast majority of RAB-11-coated SCCs do not appear to have PGP-1::GFP on them, but it appears that some PGP-1::GFP SCCs also exhibit RAB-11 staining, suggesting that SCCs may undergo a transition from RAB-11 coats to PGP-1 coats as they fuse with the apical plasma membrane (Fig. 4 F-H) .
We also investigated the localization of RAB-5 (early endosomes) and RAB-10 (Golgi and recycling endosomes) to N. parisii spores by using fluorescently tagged versions of these proteins (22) . As in other organisms, RAB-5 and RAB-10 are known to play active roles in intracellular transport in C. elegans, including apical recycling in the intestine and neuropeptide secretion in neurons (22, 30) . Although both of these proteins are required for N. parisii spore egress, we did not find these proteins localized to spores in the intestine (Fig. S7) . with PGP-1::GFP (as shown in Fig. 2A ) in L4440 empty vector control and rab-11.1 RNAi-treated animals. Indeed, we found that depleting RAB-11 caused a near complete block in the number of SCCs that fused with the apical membrane (Fig. 5A) . We also quantified the apically fused SCCs as assessed with PGP-1::GFP coats in rab-5 and rab-10 RNAi-treated animals and found there was not a block in fusion with the apical membrane. Similarly, there was not a substantial block in the formation of GFP::RAB-11 coats in rab-5 or rab-10 RNAi-treated animals (Fig. S6D) . These results indicate that whereas N. parisii relies directly on RAB-11 to achieve apical fusion, RAB-5 and RAB-10 appear to either act in parallel to or downstream of fusion.
We next determined the functional role of RAB-11 on microsporidia disease transmission by conducting contagiousness assays with rab-11.1 RNAi-treated animals (Fig. S8) . These experiments demonstrated that RAB-11-defective animals are less contagious than control animals (Fig. 5B) . One trivial explanation for this reduced transmission could be that rab-11.1 RNAi-treated animals die more rapidly than control. However, there was only a slight decrease in survival of rab-11.1 RNAi-treated animals compared with controls, and this decrease was not caused by infection (Fig. S9) . Altogether, these results demonstrate that host RAB-11 is required for fecal-oral transmission of N. parisii to new hosts.
Discussion
Our studies indicate that a major mode of N. parisii spore exit from intestinal cells is to traffic through RAB-11-marked endocytic recycling compartments, followed by polarized exocytosis into the lumen for fecal-oral transmission (Fig. 5C ). In particular, we found that RAB-11 is required for SCC fusion with the apical membrane of intestinal cells, whereas RAB-5 and RAB-10 act in parallel to or downstream of fusion. Although RAB-5 and RAB-10 can act upstream of RAB-11 and vesicle fusion in apical recycling events in other systems, they have also been shown to act downstream of vesicle fusion, such as in the C. elegans nervous system where they are required for neuropeptide release from dense core vesicles, but are not required for fusion (30) . Thus, RAB-5 and RAB-10 may similarly act downstream of fusion for N. parisii release, whereas RAB-11 acts upstream of fusion to promote directional exit for fecal-oral transmission of infection.
Rab11 has been well characterized in many systems as the master regulator of endocytic recycling, responsible for directing intracellular cargo to the apical cell surface by acting as an upstream mediator of exocytic trafficking pathways and vesicle fusion (24, 31) . Rab11 is apically localized in many polarized epithelial cells, which could aid intracellular pathogens that need to egress from such cells in a directional manner to exit from hosts. Not only intestinal pathogens, but also respiratory and urogenital pathogens, need to egress out the apical side of epithelial cells for transmission to new hosts. Interestingly, a variety of respiratory viruses such as influenza virus have been shown to use host Rab11 for trafficking of viral particles to the plasma membrane (32) . Although these viruses ultimately bud from the membrane instead of exiting through exocytosis, trafficking through the host cell by Rab11 could provide apical directionality to viral egress from polarized lung epithelial cells in vivo.
How general is the N. parisii polarized exocytosis strategy likely to be for other microbial pathogens? An exocytosis-type process termed "vomocytosis" has been implicated in the exit of fungal pathogens from macrophages (33, 34) , although this process is likely distinct from the polarized exocytosis used to escape from epithelial cells. Whereas exocytosis has been shown to contribute to bacterial pathogen exit in mammalian tissue culture systems of epithelial cells (35) , multiple modes of exit have been proposed for the same pathogen, and the in vivo significance and contribution of exocytosis to disease transmission has not been clear. In contrast to the C. elegans intestine, the mammalian intestine regularly renews and sheds epithelial cells. Exiting through these extruded cells appears to be an exit strategy for Salmonella in vivo (36) , so it is possible that mammalian pathogens do not need to exit from intact intestinal cells via exocytosis. However, doing so would greatly accelerate their transmission, because intestinal cell shedding occurs on the timescale of days (37) , whereas doubling time of many bacterial pathogens occurs on the timescale of minutes. Therefore, pathogens that egress via exocytosis could have a large advantage in terms of doubling time over pathogens that wait for extrusion. Thus, the apical recycling exit process that we have found as critical for exit of N. parisii may also be important for exit, and dissemination, of pathogens that use a fecal-oral route of transmission. In particular, N. parisii belongs to the microsporidia phylum, which includes a large number of pathogen species that commonly infect and replicate in the intestine. For example, Enterocytozoon bieneusi, which has been responsible for lethal diarrhea in AIDS patients, appears to replicate only within human intestinal epithelial cells (38) . The mode of exit is unknown for any species of microsporidia, but it is interesting to speculate that other microsporidia species may use exocytosis for egress from host cells.
N. parisii and C. elegans are a naturally occurring host-pathogen pair and, by using RAB-11-based exocytosis for productive exit, they appear to have coevolved a compromise between host survival and pathogen propagation. It is likely that facilitating a minimally damaging exit strategy such as exocytosis is beneficial to both the host and the intracellular pathogen: By prolonging the lifespan of the host, the replication environment is preserved for future pathogen generations. Minimizing host damage is likely to be particularly important for N. parisii, given that it cannot replicate on its own, and its replication environment is the nonrenewable epithelial cells of the C. elegans intestine. Damage to any of these 20 cells is likely to be detrimental to the host. It will be interesting to investigate how C. elegans copes with the demand from this prodigious N. parisii spore production, with thousands of spores exiting the host every hour. Presumably this process places a huge increase in demand on C. elegans intestinal trafficking pathways. N. parisii cells appear to initially be in direct contact with the host cytoplasm of intestinal cells (9). How does this pathogen then enter the host vesicle trafficking system to ultimately exit via apical exocytosis? Recently, the autophagy pathway, which can be used to control intracellular pathogen growth, has been implicated as a "recapture" mechanism to return bacterial pathogens that have escaped into the cytoplasm back into a host endosome (39, 40) . However, our data indicate that the autophagy pathway is not important for N. parisii maturation and exit (Fig.  S2) . Thus, this pathogen may coopt a distinct pathway to enter the host vesicle trafficking system. Further analyses of host pathways, together with studies of the recently sequenced N. parisii genome (10), should help determine how this natural pathogen so efficiently coopts the host intestinal cell for prodigious proliferation and directional exit for fecal/oral transmission.
Materials and Methods
Infection Assays and Microscopy. In general, synchronized C. elegans L1 larvae were grown for 24 h on 6-cm NGM plates seeded with OP50 at 20°C until approximately L3 stage, when they were infected with 2 × 10 6 N. parisii spores and then incubated at 25°C. Images used for quantifying spores shed and pathogen load were captured with fluorescence on a Zeiss AxioImager at 400× or 630× magnification. Confocal images were acquired on a Zeiss LSM700 at 630× magnification by using ZEN2010 software. Transmission electron microscopy was performed as described (9) .
Contagiousness and Survival Assays. Standard infection conditions were used on RNAi-treated donor animals. Contagiousness and survival assays were conducted as in described (9, 15) . See Fig. S8 for details. For survival assays, the survival of 40 animals was assessed for each RNAi treatment group, each on three plates for a total of 120 animals per treatment. For each experimental replicate, results from triplicate plates were combined into one dataset. Animals that died because of desiccation on the wall of the plate rather than because of infection were excluded from analysis.
GFP::RAB-11 and PGP-1::GFP Coat Quantification. To determine whether genes are upstream or downstream of RAB-11 and whether genes are required for SCC fusion with the apical membrane, the number of GFP::RAB-11.1 or PGP-1::GFP-coated SCCs was recorded after RNAi treatment. Animals were fixed in 4% (vol/vol) PFA at 46 hpi, and the anterior-most ring of intestinal cells was imaged in each of 30 animals per treatment group, taking 18 0.8-μm sectional confocal images per animal. See SI Materials and Methods for additional materials and methods.
Supporting Information
Szumowski et al. 10 .1073/pnas.1400696111
SI Materials and Methods
Strains. Caenorhabditis elegans were maintained on nematode growth media (NGM) plates seeded with Escherichia coli OP50-1, as described (1). We used N2 wild-type animals for all RNAi spore shedding experiments. The following transgenic strains were used in this study:
Strains ERT106 and ERT213 contain an intestinally expressed actin vha-6p::mCherry::ACT-5 (pET187) transgene that was made by PCR amplifying the act-5 cDNA with its endogenous 3′ UTR and cloning it into the Gateway 3′ element vector pDONR P2R-P3. This vector was then recombined in a three-fragment Gateway LR recombination reaction with the vha-6 promoter in the Gateway 5′ element vector pDONR P4-P1R, and mCherry in the Gateway middle element vector pDONR221, into the destination vector pDEST R4-R3. This vha-6p::mCherry::ACT-5 transgene was injected into N2 worms at 10 ng/μL along with ttx-3p::RFP as a coinjection marker to generate an extrachromosomal array strain that was integrated with UV/psoralen treatment to create integrant jyIs17[vha-6p::mCherry::ACT-5]IV.
Nematocida parisii Spore Preps. Spore preps were prepared as described (8) . Briefly, N. parisii was cultured inside of C. elegans, and when animals were heavily infected, they were mechanically disrupted with silicon beads to isolate spores, which were then filtered through a 5-μm filter to remove intact C. elegans larvae and eggs. Spores were quantified by staining with Calcofluor white (Sigma-Aldrich) and counting with a hemocytometer (Cell-Vu). Aliquots of spores were stored at −80°C before use.
Luminal Access Assays. To stain spores in contact with the lumen, Calcofluor white was fed to infected animals by applying 300 μL of Calcofluor white to 6-cm NGM/OP50 plates. Calcofluor white was spread evenly over the entire surface of the plate, the plate was dried in a sterile hood, and worms were allowed to feed on the dye for 2 h before imaging.
smGTPase RNAi Screen and Spore Shedding Assays. Feeding RNAi experiments were performed as described (8, 9) . A library of 41 smGTPase RNAi clones was generated based on a list from ref. 10 , and was divided roughly into quarters and prepped as 4 separate batches, each with their own L4440 empty vector controls, which were used to normalize the relative number of spores shed across the four batches. All RNAi clones were sequence verified. All clones were used undiluted, except for rab-5 and rab-11.1 RNAi clones, which were diluted 1:10 with L4440 (vector alone) control RNAi bacteria to allow for normal development. All experiments with these clones used these dilutions. Synchronized L2 animals were infected with 5.8 × 10 6 spores on 10-cm RNAi plates and incubated at 25°C for 40 h to allow the infection to progress until the spore shedding stage of infection. Animals were washed three times in M9 at 24 h after infection (hpi) and 39 hpi and replated on fresh RNAi plates (at 24 hpi) or OP50 plates (at 39 hpi) to remove spores from cuticles. At 40 hpi, 50 animals were picked off of E. coli plates into microfuge tubes with 500 μL of 1:1 E. coli OP50 and M9. Spores excreted from 40 to 48 hpi were collected and quantified by staining with Calcofluor white and counting at 400×. All genes were tested in three biological replicates and screen hits were verified in triplicate in an independent biological replicate experiment.
To determine whether RNAi clones affected cell polarity, localization of the apically localized plasma membrane marker PGP-1::GFP in strain ERT106 was assessed at 630× in >30 RNAitreated animals per RNAi clone.
RAB-11 Antibody Staining. Antibody staining with anti-RAB-11 antibodies was performed as described (11) . Briefly, C. elegans intestines were dissected out, fixed in paraformaldehyde, washed, then incubated with 1:500 dilution of primary anti-RAB-11 peptide antibody (12) overnight at 4°C, washed, then stained with 1:500 dilution of secondary antibody Cy3-labeled goat antirabbit IgG (Jackson Immunoresearch) for 2 h at room temperature, washed, then mounted in Vectashield with DAPI for viewing by fluorescence microscopy.
Spore Production Assays. The pathogen load in individual RNAitreated animals was semiquantitatively measured by counting spores in ∼40 animals per treatment group fixed with acetone at 45 hpi, using a Zeiss AxioImager with Nomarski optics. The pathogen load in a population of animals was quantitatively determined by hydrolyzing infected animals and counting the spores released after host tissue was dissolved. RNAi-treated infected animals were fixed at 44 hpi with acetone and 50 animals were hydrolyzed for 30 min with 200 mM NaOH, 0.1% SDS, and 1:100 Calcofluor white. To ensure complete homogenization, infected C. elegans were repeatedly pipetted with a 200-μL pipette tip. The suspension was neutralized by adding 100 μM of 1 M Tris·HCl at pH 7.4. N. parisii spores were then counted by using a Cell-Vu counting chamber. Three biological replicates were counted for each RNAi treatment.
Defecation Assays. The defecation contents of infected animals were analyzed for the ratio of N. parisii spores to control fluorescent beads. Briefly, spore-stage infected animals were fed a blend of 0.5-μm fluorescent beads (Polysciences; catalog no. 19507) and Calcofluor white (to label extracellular spores) for 2 h on OP50. Animals were then removed from the bead-feeding plate, briefly transferred to a clean OP50 plate to remove beads from the cuticle, and then transferred to a fresh OP50 plate and allowed to defecate undisturbed for 35 min, at which point they were removed from the plates and the presence of intracellular spores was verified with Nomarski optics at 630×. Each RNAi clone was tested on three independent plates, each containing eight animals during each of three independent biological experiments. The defecated materials were imaged with fixed exposure at 100×, and fluorescence intensity above background was quantified with ImageJ64 (version 1.46r) for the blue (Calcofluor white-stained spores) and red (beads) channels. For each defecation spot, the blue fluorescence value was divided by the total fluorescence (red plus blue). These values represent the fraction of each defecation spot that is comprised of spores and were normalized to the values obtained from analyzing defecated material from L4440 control RNAi animals.
Autophagy Assays. Autophagy pathway perturbation was assessed by quantifying the number of GFP::
LGG-1 puncta greater than 1.2 μm in size after feeding RNAi treatment. Animals were fixed in 4% (vol/vol) PFA at 24 hpi and imaged by using confocal microscopy then analyzed in ImageJ.
Statistical Analyses. For all datasets, P values reported were calculated in Prism 6 software and ns = not significant; *P < 0.05; **P < < 0.001. P values for spore shedding assays (Fig. 3A and Figs. S2B and S3), spore production in population assay (Fig.  3C ), defecation contents assay (Fig. 3D) , coat quantification assays ( Fig. 5A and Fig. S6D ), and LGG-1 puncta quantification assay (Fig. S2D) were calculated by using ANOVA with Dunnett's correction for multiple comparisons. P values reported in spore production in individual animals assay (Fig. 3B) LGG-1 puncta greater than 1.2 μm in area is significantly reduced in atg-18 and bec-1 RNAi-treated animals. All results are normalized to the average L4440 control RNAi sample values. Mean and SEM from three combined independent experiments are shown. n = 57-64 animals per treatment group. ns, not significant; *P < 0.05. Fig. S3 . Spore shedding screen using RNAi against 41 C. elegans predicted smGTPases. The mean and SD of biological triplicate samples is shown. n = 50 animals per treatment. L4440 is the empty vector control for RNAi to which all values are normalized. Red denotes samples scored as screen hits; blue denotes nonhits. Note that a lack of effect in this screen could be due to ineffective RNAi knockdown against the gene of interest. Green crosses denote characterized members of the recycling endosome pathway. When C. elegans gene names differ from those of human homologs, human gene names are listed after the C. elegans gene name. ns, not significant; *P < 0.05; **P << 0.001. 
